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ABSTRACT
The first half of this thesis focuses on bioluminescence within the Lingulodinium
polyedrum dinoflagellates. In this species, the organelle termed “scintillon” houses the
components involved in bioluminescence: Luciferin Binding Protein (LBP), Luciferase
(LCF), voltage-gated proton channel (Hv1), as well as the substrate Luciferin (LH2).
Bioluminescence is triggered by an internal drop in pH of the scintillon initiated by the
voltage activation of Hv1 in the membrane. The first focus of this study is to use a
synthetic scintillon—a liposome that contains the purified proteins and substrate—to
mimic the observed system. Liposomes containing LCF, LBP, and LH2 had little activity
compared to mixtures of the free components, suggesting that the liposome reconstitution
did not replicate conditions in the naturally occurring scintillon. The second aim was to
use FRET to determine the conformational change within the 4th transmembrane helix of
the Hv1 protein. Active Hv1 was achieved with two separate protein preparations as
shown by quenching of the fluorescent dye ACMA after a valinomycin-induced
membrane potential. Technical difficulties prevented further liposome preparations
containing active Hv1. The second half of this thesis focuses on cell penetrating peptide
(CPP) technology. TaT-CaM is a recently developed CPP that crosses cellular
membranes and carries a wide variety of proteins. This study focuses on post-delivery
effects of catalase, a peroxidase protein that breaks down H2O2, as proof of concept to
show that delivered proteins retain activity after penetration. Quantitation of fluorescence
using confocal microscopy showed that TaT-CaM delivered catalase penetrates cells and
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correctly traffics to the peroxisome. Three activity assays with distinct underlying
mechanisms determined catalase to be active post penetration. Although the statistical
significance is p~0.06, cells with delivered catalase have a small, repeatable protection
against H2O2 toxicity.
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CHAPTER 1
Introduction
Certain organisms possess the ability to produce light. In general, this
bioluminescence stems from the interaction between a light-catalyzing enzyme luciferase
(LCF) (Hastings, 2014) and its small molecule substrate luciferin (LH2) (Figure 1). In the
dinoflagellate Lingulodinium polyedrum, these two molecules are located in a small
organelle called the scintillon (Figure 2) (Hastings, 2001). This organelle is located in the
vacuolar membrane and flashes a blue light (470 nm) after stimulation by mechanical
shear stress (Fogel and Hastings, 1972).

Figure 1. LH structure
2

Figure 2. Scintillon Illustration
resting in the vacuole of the L.
polyedrum
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Despite the close proximity in the scintillon, LCF and LH2 will not produce light
at the cytoplasmic pH of 8 for two reasons. One is the presence of the luciferin binding
protein (LBP), also housed in the scintillon. At a basic pH the LBP will bind to the LH2
and protect it from being oxidized. The LBP-LH2 complex is known as charged LBP
(Fogel and Hastings, 1972). However, at an acidic pH the LBP will undergo a
conformational change and release LH2 where it is then free to interact with LCF. Also,
LCF is not active at pH 8.0, but becomes active at pH 6.0 (Fogel and Hastings, 1972).
LCF is a 137 kDa protein that has 3 separate domains that each retains its own catalytic
ability. Moreover, there are 4 histidines conserved in each domain that are responsible for
the pH sensing of LCF. The pH sensing histidines allow the LCF to become active at pH
6.3 (Liming Li et al., 2001). The exact light catalyzing mechanism has not yet been
described; nonetheless, the proposed reaction suggests that at acidic pH 5.7 LH2 becomes
oxidized by LCF and produces a peroxy intermediate which decays to light and also
water (Nakamura et al., 1989). This process heavily depends on the internal pH of the
scintillon.
The process that lowers the pH to trigger the light producing mechanism appears
to be a voltage dependent reaction. For the internal pH to drop, there is a leak of protons
into the scintillon, presumably from the vacuole, which is acidic in dinoflagellates (DeSa
and Hastings, 1968). A voltage gated proton channel was proposed to be responsible for
this leak (Fogel and Hastings, 1972). Recently, the bioluminescent dinoflagellate L.
polyedrum was shown to have a gene for a bona fide voltage gated proton channel (Hv1)
and that the protein localizes to the scintillon (Rodriguez et al., 2017), confirming the
prediction of a voltage gated proton channel as a trigger for bioluminescence.
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The voltage gated proton channel Hv1 is an ion channel that conducts protons
(Decoursey, 2010). Like other voltage gated cation channels, its functionality depends on
the membrane potential. Classic voltage gated cation channels open with depolarization.
These classic ion specific channels share a close homology and are composed of two
transmembrane components: the voltage sensor domain (VSD) and the pore domain
(Sasaki et al., 2006). The voltage-sensing domain is comprised of the first four
transmembrane (TM) helices named S1, S2, S3, and S4 (Figure 3), while the last two TM
helices (S5 and S6) comprise the pore domain. In classic ion channels, four pore
domains assemble to form the pore, with the VSDs decorating the outside of the
structure. Along the S4 TM helix are a group of highly conserved and positively charged
arginine residues that confer the voltage sensitivity (Sasaki et al., 2006). A large body of
evidence indicates that the S4 moves relative to the plane of the membrane in response to
voltage changes; this movement is mechanically transduced to the pore domain, opening
the pore to the conducted ion.

Figure 3. Hv1 Illustration Membrane topology of Kv channel, Hv channel, and Volatage Sensing
Phosphatase. The Kv is a tetramer with only one pathway of conduction through its assembled central
pore region: S5-S6. The Hv channel lacks a pore domain, and though it assembles as a dimer, each
protomer contains its own independent pathway. VSP can sense voltage but lacks the ability to conduct
ions across the membrane. (Decoursey, 2010)
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The Hv1 channel is homologous to the VSD of the classic ion channels, but
deviates from the general model of voltage gated ion channels since it lacks additional
helices beyond the VSD. Wildtype VSDs of other cation channels do not conduct ions;
mutants of these VSDs have been shown to conduct protons and sometimes other ions
(Lee et al., 2009). In contrast, wildtype Hv1 is the most selective ion channel known, as
far as can be measured, for it conducts only protons (Musset et al., 2012). Although Hv1
from several organisms have been shown to be dimers in vivo, three different
experimental methods demonstrate that conduction happens within the monomer (Koch
et al., 2008; Lee et al., 2008; Tombola et al., 2009). Similar to other VSDs, Hv1 has a
signature sequence of arginines (RxWRxxR) along the S4 transmembrane helix that are
adjacent to the completely conserved tryptophan (W207 numbering in the human copy of
Hv1). Human Hv1 (hHv1) is closed at 0 mV and opens as the voltage becomes more
positive (Demaurex et al., 1993). Analogous to other VSDs, Hv1 opening corresponds to
the movement of S4 relative to the plane of the membrane, with S4 moving ‘up’ (away
from the cytoplasm) as the voltage rises (Sasaki et al., 2006).
Forster resonance energy transfer (FRET) is a spectroscopic technique that can be
used to calculate the distance between amino acids based on fluorescence. This technique
explores the relationship between two fluorescent dyes: donor and acceptor. The
overlapping spectra of the donor’s emission and the acceptor’s excitation allow the
transfer of nonradiative energy from the excited donor to the acceptor. The efficiency of
this energy transfer depends on the proximity of the two dyes, and thus the radius
between the two can be calculated using the Forster equation, which relates efficiency
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and distance (Figure 4). FRET can be considered a nanoscopic ruler because its limit of
detection applies to amino acids that are 10-100 angstroms apart (So and Masters, 2008).

Figure 4. Forster Equation “E” is efficiency and it is calculated as the fraction energy
transferred divided by total energy given. “R0” is the Forster radius and it accounts for the
refractive index of the medium, quantum yield of the donor without the acceptor, the donor
and acceptor spectral overlap integral, and the dipole orientation of the fluorophores. Here, “r”
represents the distance between the donor and acceptor. (So and Masters, 2008)

In L. polyedrum dinoflagellates LBP becomes inactive and LCF becomes active at
an acidic pH within the scintillon (Fogel and Hastings, 1972). This drop in pH is
attributed to the Hv1 that rests within the membrane of the scintillon consequently
causing Hv1 to have control over bioluminescence within this organism. To confirm this
statement, this research will focus on creating a synthetic scintillon (liposome vesicle that
contains LCF, LBP-LH2, and hHv1). The success of this synthetic scintillon will be
assessed by the production of light caused by the sole activation of hHv1. hHv1’s activity
will be jumpstarted by the movement of K+ across the membrane which should
eventually lead to the drop in internal pH. This drop should activate LCF and cause the
charged LBP to release LH2, leading to the production of light. Beyond its role in
scintillons, Hv1 activity remains a puzzle. The exact mechanism for proton transport has
not yet been characterized. To better understand this mechanism, the other focus of this
project will concentrate on determining the distance the 4th TM moves. Calculating this
distance could lead to better understanding and alignment of the active protein
confirmation. This goal will be determined through the use of FRET.
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Material and Methods
Genes and Antibodies LCF and hHv1 were both synthesized by GenScript (New
Jersey, USA). LCF was codon optimized for human expression and cloned into pQE30
and hHv1 was cloned into pPICZb. Antibodies to LCF and Hv1were produced against
synthetic peptides by GenScript Antibody Services (New Jersey, USA). An antibody to
LCF was raised in and rabbit against a synthetic peptide based on a sequence in the LCF
D3 domain, CLDYPKKRDGWLEK and affinity purified. The chicken anti-LCF
antibody was affinity purified at a stock concentration of 0.88mg/mL. The hHv1 antibody
was raised in rabbit against a synthetic peptide based on a sequence in the loop between
the S1 and S2 transmembrane helix, CDAGRQLSSDGDQ. The rabbit anti-hHv1
antibody was affinity purified at a stock concentration of 1.1 mg/mL. The native gene for
LBP in pGEX-4t and primary antibody for LBP raised in rabbit were a gift from David
Morse (Université de Montréal) and the stock concentration is unknown.
Site Directed Mutagenesis Proton channels were mutated to have one cysteine
present in each mutant. Primers for the mutants were designed using online Primer X
tool, and synthesized at Integrated DNA Technologies, Iowa, USA. Mutations were made
in recombinant hHv1 pPicZb plasmid and VSD pET15b plasmid using the Quik Change
II XL Site-Directed Mutagenesis Kit (Agilent Technologies, California, USA) according
to the manufacturer’s protocol. Mutated plasmids were transformed into E. cloni 10g
competent cells (Lucigen, Wisconsin, USA). Transformed cells were plated on Luria
Broth (LB) (ThermoFisher Scientific, Massachusetts, USA) plates supplemented with
100 mg of ampicillin (LB/Amp) and 15 g/L of agar and allowed to incubate at 37 °C
overnight. The following day colonies were selected and grown in LB/Amp liquid media
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overnight at 220 rpm and 37 °C. Plasmid DNA was extracted using the Zippy Plasmid
Miniprep Kit (Zymo Research, California, USA) following the manufacturer’s protocol.
DNA was quantified using Gen 5 program and Biotek plate reader (Biotek, Vermont,
USA) and commercially sequenced by Biosource Science, Georgia, USA). Verified
mutants were transformed into BL21 expression cells as previously described.
Double Colony Selection of transformed bacteria. Plasmid containing the gene
for a protein of interest was transformed into E. coli BL21 p-lys-DE3 expression cells
(Invitrogen, California, USA) according to the manufacturer’s protocol. Double colony
selection was performed using the protocol of (Sivashanmugam et al., 2009). From the
LB/Amp agar plates, 8 colonies were selected and inoculated into 5 mL of LB liquid
media supplemented with 100 µg/mL ampicillin (LB/Amp liquid media). Cells were
allowed to incubate overnight at 220 rpm and 37 °C. The following day, 1 mL of each
culture was diluted into 5 mL of fresh LB/Amp liquid media and induced with 100 µM
IPTG once an OD600 reading of 0.6-0.8 had been reached. Induced cultures were
incubated shaking overnight at 220 rpm and 37 °C. Aliquots of 250 µL induced culture
was centrifuged at 3300 x g for 5 -10 min, supernatant was discarded, and the cell pellets
were resuspended in 50 µL of 2x SDS loading buffer and 50 µL of deionized water
(diH2O). This resuspension was then heated at 90 °C for 10 min, centrifuged again at max
speed for 5 min to remove large cellular debris, and 25 µL of supernatant was loaded
onto SDS-Page gel. A Western blot was performed and the best expressing colony was
plated onto a fresh LB/Amp agar plate. 8 new colonies were chosen and grown under the
same conditions as the first round. A second western was performed and a glycerol stock
was made from the best expressing colony.
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Induction of protein expression in bacterial cells. Transformed BL21 cells
were inoculated from a glycerol stock into 15 mL of fresh LB/Amp liquid media culture
and allowed to shake overnight at 37 °C and 220 rpm. The overnight culture was then
diluted into 1L of LB/Amp liquid media and allowed to shake at 37 °C and 220 rpm until
OD600 reading of 0.6-0.8 determined that bacterial logarithmic growth was reached.
Cultures were induced with IPTG (GST-LBP: 100 µM and LCF: 300 µM) and allowed to
incubate overnight, shaking at 220 rpm (LBP: 22 °C and LCF: 17 °C).
Induction of protein expression in Pichia pastoris cells. GS115 strain of P.
pastoris was transfected with PicZb vector containing the protein of interest according to
the manufacturer’s protocol. Transfected GS115 strains of yeast were inoculated into 25
mL of fresh MGYH liquid media (1.34% Yeast Nitrogen Base, 1% glycerol, 4 x 10-5 %
biotin, and ±0.004% histidine) liquid media and allowed to shake overnight at 220 rpm at
28 °C, then transferred to a larger 1 L culture of MGYH. Once the 1 L culture reaches an
OD600 reading of 0.5-0.7, the cells were harvested by centrifugation at 5100 x g for 5 min
and resuspended in MMH (1.34% YNB, 4X10-5 biotin, ±0.004% histidine, and 0.5%
methanol). The 1 L MMH culture was allowed to shake for 3 days at 220 rpm and 28 °C
and supplemented with 1 mL of 100% methanol each day. After the third day cells were
harvested by centrifugation at 5100 x g for 5 min.
Extraction and Purification of proteins tagged with 6x His. Cells were
harvested by centrifugation at 5100 x g for 10 min, resuspended in buffer 50 mM sodium
phosphate buffer (Hv1: pH 7.4, LCF: pH 8.0), 1% glycerol, 300 mM NaCl, 2mM βmercaptoethanol, 2 mM ethylenediaminetetraacetic acid [EDTA] free protease inhibitor
(Sigma-Aldrich, Missouri, USA), 0.1 µg/mL deoxyribonuclease I, and 25 mM
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phenylmethysulfonyl fluoride [PMSF]), and lysed via French press. For insoluble
proteins, lysate was incubated with 1.6 g n-dodecyl β-D-maltoside (DDM) for every 10 g
of original cell pellet for 2-3 hours (hr) at 4 °C. The detergent-lysate or lysate only was
ultracenrifuged at 108,000 x g for 30 min and the supernatant incubated with the
equilibrated cobalt affinity column on the FPLC (GE AKTAxpress). The column and
sample was washed with buffers containing 20 and 40 mM imidazole, 50 mM sodium
phosphate pH 7.4 or 8.0, 300 mM NaCl, and 1% glycerol until the UV absorption reading
stabilized and returned to baseline. The His-tagged proteins were eluted with buffer
containing 300 mM imidazole, 50 mM sodium phosphate buffer pH 7.4 or 8.0, 300 mM
NaCl, and 1% glycerol. Fractions were collected based on the peak of 280 nm
absorbance. For insoluble proteins, 4 mM n-decyl β-D-maltopyranoside (DM) was added
to each buffer.
Extraction and Purification of proteins tagged with GST Tag. Cells were
harvested by centrifugation at 5100 x g for 10 min, resuspended in buffer (50 mM sodium
phosphate pH 8.0, 1% glycerol, 150 mM NaCl, 2 mM protease inhibitor cocktail (SigmaAldrich, Missouri, USA), and 0.1 µg/mL deoxyribonuclease I), and lysed via French
press. Lysate was ultracentrifuged at 108,000 x g for 30 min and the supernatant
incubated with an equilibrated GSH column on the FPLC (GE AKTAxpress). The
column and sample was washed with buffer containing 20 mM reduced glutathione, 50
mM sodium phosphate pH 8.0, 1% glycerol, and 200 mM NaCl) until the UV absorption
reading stably returned to baseline. The GST tagged protein was eluted with buffer
containing 40 mM reduced glutathione, 50 mM sodium phosphate pH 8.0, 1% glycerol,
and 150 mM NaCl. Fractions were collected based on the peak of 280 nm absorbance.
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GST-tagged LBP purified from E. coli is soluble, but thrombin cleavage of the GST tag
has been shown to result in an insoluble precipitate of the LBP (Smith and Thomas,
unpublished results). All preparations of recombinant LBP used herein have the GST tag,
which adds approximately 25 kDa to the expected size of LBP.
Gel Filtration Protein samples were separated by size on the Superdex 75 Hi
Load 16/600 gel filtration column attached to the FPLC. The innate FPLC program for
the specific column was used to govern all runs. The column was equilibrated with buffer
containing 50 mM phosphate buffer pH 7.4, 300 mM NaCl, 1% glycerol, and 4 mM DM.
Western Blot and Coomassie Analysis Samples were combined with 2x loading
dye and denatured at 95 °C for 10 min. Next, samples were separated on a SDS-PAGE
gradient gel or 12% gel. For coomassie staining, the gel was briefly washed with diH2O,
allowed to incubate with coomassie blue stain overnight and destained with 50% diH2O,
40% methanol, and 10% glacial acetic acid. Visualization was done on Gel doc XR+
System (Bio-Rad, California, USA) For Western blotting, SDS-PAGE gradient gels were
transferred onto a polyvinylidene fluoride (PVDF) transfer membrane using Trans-Blot
Turbo Transfer System (Bio-Rad, California, USA). The PVDF membrane was then
blocked for 1 hr at room temperature with Odyssey Licor blocking buffer (Licor,
Nebraska USA). After blocking, tween (0.1%) and appropriate primary antibodies were
added directly to the solution at various dilutions: GST (1: 3,000), His (1:10,000), Myc
(1:10,000), Flag (1: 3,000), catalase (1:3,000) hHv1-FL (1:10,000), LBP (1:10,000), and
LCF (1: 10,000). The primary antibodies and membrane incubated overnight at 4 °C and
washed with 1x TBST 4 times for 5 min each. Tween, 10% SDS and secondary
antibodies (mouse, rabbit, chicken, and/or donkey) were added based on the dilution of
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the corresponding primary antibody dilution, allowed to incubate for 1 hr at room
temperature, and washed with 1x TBST 4 times for 5 min each. Imaging was done using
the Image Studio program on the Licor Odyssey system (Licor, Nebraska, USA).
Molecular weights were estimated by comparison to PageRuler prestained standard
protein marker (ThermoFisher Scientific, Massachusetts, USA).
Protein Concentration Protein concentrations were determined using Pierce 660
nm protein reagent (ThermoFisher Scientific, Massachusetts, USA) according to the
manufacturer’s instructions. Absorbance was measured at 660 nm on a Biotek (Vermont)
plate reader and concentration was interpolated from the standard curve using the Gen 5
program. Some protein samples were concentrated using Ultra Centrifugal Filters
(Millipore, Massachusetts, USA) according to the manufacturer’s protocol.
Liposome Formation and Loading We used the method of (Lee et al., 2009).
Briefly, POPC and POPG lipids were combined at a 3:1 weight ratio and dried under
argon gas. The dried mixture was raised to a 10 mg/mL with dialysis buffer containing
high [K+] (20 mM HEPES pH 7.0, 150 mM KCl, 150 mM NaCl, 10% glycerol, 1 mM
EDTA, 1 mM DTT). The dried lipid mixture was sonicated and vortexed 3 times for 2
min each and warmed to 37 °C between cycles. (For the synthetic scintillon experiments,
LCF and LBP-LH2 were present in a pH 8.0 dialysis buffer that raised the liposome). 10
mM DM was added to liposome mixture and rotated at room temperature for 1 hr before
hHv1 protein was added at a protein to lipid mass ratio of 1:100. After adding the protein,
an additional 10 mM DM was added to the liposomes. Liposomes were extruded using
200 nm filter (Avanti Polar Lipids, Alabama, USA), and allowed to dialyze against
detergent free buffer for 5 days.
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ACMA Assay We used the method of (Lee et al., 2009). Fluorescent dye 9amino-6-chloro-2-methoxyacridine (ACMA) was added to liposomes at a concentration
of 3 µM and the mixture was diluted 1:20 in flux buffer with low [K+] (20 mM HEPES,
150 mM NaCl, 7.5 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT). After a stable
baseline reading of fluorescence intensity, 20 nM valinomycin was added to the solution.
Once the fluorescence stabilized, 2 µM carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) was added to the solution and intensity was measured again.
LH2 Extraction LH2 was obtained from P. lunula. Dr. Janet Shaw purified LH2
using the procedure of Hastings el al. (1981); crude preparations were also obtained.
Briefly, 1 L of P. lunula culture was filtered with Whatman filter paper (GE Healthcare
Life Sciences, Massachusetts, USA), scraped into 5 mL of boiling 2 mM sodium
phosphate buffer pH 8.5 plus 2 mM β-mercaptoethanol (β-Me) for 10 seconds (sec).
Immediately, the lysate was placed in an ice bath and cooled for 5-10 min under argon.
The cellular debris was pelleted after 5 min of centrifugation at 2,200 x g at 4 °C. The
supernatant was removed by pipetting and bubbled under argon as aliquots were taken;
aliquots were stored at -80 °C.
Luciferase Assay LBP was charged with LH2 by mixing and incubating equal
volume amounts of LBP and LH2 for 15 min on ice. Unbound LH2 was removed with a
desalting column (Zebaspin 7 kDa MW cutoff) according to the manufacturer’s protocol
(Thermofisher Scientific, Massachusetts, USA). Synthetic scintillons (833 nM LBP-LH2
and 291 nM LCF) and free protein (500 nM LBP-LH2 and 3.5 µM LCF) were mixed in
10 mM sodium phosphate buffer pH 8.0 and light production was measured using a
Smart Line Tube Luminometer (Berthold Technologies, Germany). Luciferase assay
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buffer (200 mM sodium phosphate pH 6.0, 25 mM EDTA, and 0.1 mg/mL BSA) or pH
8.0 buffer was added and light reading was monitored again.
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CHAPTER 2
Recombinant Protein Expression and Purification LBP and LCF were
expressed in E. Coli. hHv1 was expressed in Pichia pastoris, and all were affinity
purified. Expected sizes of these recombinant proteins are LCF: 134 kDa, LBP: 100 kDa,
hHv1: 37 kDa. Figure 5 shows Western blots that confirm the presence of these
recombinant proteins at the expected sizes. Our preparation of LCF and LBP were
typically approximately 70% yields of 6 mg/L (LBP) and 1mg/L (LCF) similar to
previously published preparations (Rodriguez et al., 2017) Figure 5 also shows a
coomassie stained gel of purified recombinant hHv1 at an approximate and typical purity
of about 90% and typical 1 mg/L of Pichia culture.
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B.

A.
MW Marker

LCF

LBP

hHv1 hHv1

130 kDa

130kDa (LCF)

100 kDa

100kDa (LBP)

70 kDa

35 kDa

37kDa (hHv1)

Figure 5. Separate Western Blot and Coomassie stain analysis of recombinant proteins. A)
Affinity purified proteins were Western blotted and probed with primary antibodies as follows: hHv1
probed with rabbit anti hHv1 (1: 10,000) and mouse anti Myc (1: 10,000), LCF probed with chicken
anti LCF (1: 10,000), and LBP probed with rabbit anti LBP (1: 10,000) and mouse anti GST (1: 3,000).
Primary antibodies were detected with goat anti-mouse IgG tagged IRDye 800 CW (red), goat antirabbit IgG tagged IRDye 680LT (green), or donkey anti chicken IgG tagged IRDye 680LT (green). Anti
Hv1, and LBP correspond to the red bands shown and anti LCF, His and GST correspond to the green
bands. Overlapping red and green fluorescence is shown in yellow or orange. B) Purified hHv1 was
separated by SDS-PAGE and stained with coomassie blue.

hHv1 Mutants Stratagene mutagenesis was performed to create a cysteine free
hHv1, and then performed again to introduce one cysteine into each mutant at specific
residues predicted to be close to the S4-tryptophan—a naturally existing donor for
FRET—but on other TM helices (Royer, 2006). These residues were also chosen based
on exposure to external solution and positioning on relatively immobile parts of the
membrane. Specific residues were chosen based on available information about residue
accessibility in hHv1(Gonzalez et al., 2013). Including creation of the cysteine free
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background, 6 mutants were made and confirmed by commercial sequencing: C107V,
D123C, A135C, H140C, V187C, and L188C. Three mutant proteins—A135C, D123C,
and H140C—were double colony selected and were purified. Coomassie staining and
Western blot analysis of these mutant proteins (Figure 6), indicate that these preparations
gave approximately the same yield and purity as WT preparations.

Figure 6. Mutant hHv1 Western blot and Coomassie Analysis. WT and a
representative mutant hHv1 (D123C) probed with rabbit anti hHv1 (1:10,000) and
mouse anti Myc (1:10,000). Coomassie stain analysis of hHv1. Primary antibodies
were detected with goat anti-mouse IgG tagged IRDye 800 CW (green) and goat antirabbit IgG tagged IRDye 680LT (red). Anti hHv1 correspond to the red bands shown
and anti His correspond to the green bands. Overlapping red and green fluorescence is
shown in yellow.

hHv1 Activity The size exclusion chromatography fraction corresponding to
monomeric hHv1 was detergent solubilized into liposomes composed of POPC:POPG
lipid, raised in the presence of high [K+] (150 mM); liposomes were resuspended in low
[K+] (7.5 mM) and 3 uM ACMA. As seen in Figure 7, valinomycin addition (arrow)
caused K+ conduction changing the membrane potential and activating hHv1, resulting in
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the quenching of ACMA fluorescence inside liposomes. Addition of the proton selective
ionophore- CCCP (arrow)—resulted in further fluorescence quenching in the proportion
of liposomes that contain inactive or no protein. According to the changes in fluorescence
activity, approximately 50% of the liposomes appear to have properly functioning hHv1
inserted.
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Figure. 7 Fluorescence assay to determine
activity. Intensity is recorded in relation to
TimehHv1
(seconds)
time for the proteoliposome and empty liposome at 410 nm. 50 µl of protein-liposome is
suspended in 950 µl of Flux buffer (low [K+]), and 3 µM ACMA. At 120 sec 20 nM
valinomycin (arrow- Val) is added and allowed to stabilize. At 750 sec 2 µM CCCP (arrow) is
added to and allowed to stabilize.

Scintillon Activity Purified LBP was charged with equivolume LH2 and excess
LH2 was removed by desalting column. After verification of activity, the LBP-LH2 and
LCF were allowed to mix in pH 8.0 buffer and dried lipid was raised in this mixture.
After vortexing the lipids to form liposomes, sodium acetate was added to the solution to
lower the internal pH of the liposomes. As seen in Figure 8, there was no significant light
produced after the addition of the sodium acetate (NaOAc).
17

-Free in solution
-Liposomal bound

Figure 8. Luminometer readings of liposome bound and purified free LCF and LBP-LH2. Equivolume
LBP was allowed to mix with LH2 and desalted to create LBP-LH2. A 2.5 mg lipid mixture of 3POPC: 1
POPG was raised with 125 µL of pH 8.0 LBP-LH2, 65 µL pH 8.0 25mM phosphate buffer, and 60 µL pH 7.4
LCF vortexed and sonicated for 2 min. Final concentrations in buffer used to raise liposomes were LBP-LH2
(5 µM) and LCF (1.75 µM). Between vortexes and sonication sets, sample was warmed to hand temperature,
and later extruded. Liposomes (50 µL) were introduced into 300 µL of pH 6.3 200 mM phosphate buffer and
read for 5 min before adding 10 µL of pH 5.2 3 M NaOAc and reading for 3 additional min. Assuming 100%
of the components were bound in liposomes, LBP-LH2 and LCF final concentrations were LBP-LH2 (833 nM)
and LCF (291 nM) For non-liposome samples, 90 µL of pH 6.3 200 mM phosphate buffer, 90 µL of LCF
(final concentration of 3.5 µM) and 10 µL LBP-LH2 (final concentration of 500 nM) was used. Test tube
denotes components are free in solution, and a circle represents liposomal bound components.
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Discussion
hHv1 Activity hHv1 has been successfully purified as seen in Figure 5. Activity
of the purified protein was confirmed using a fluorescence assay (Figure 7). In this assay
the liposome lumen has a high [K+] and surrounding buffer has a 20 fold lower
concentration. Addition of valinomycin causes an outward flow of K+, inducing a
membrane potential, and consequently activating hHv1. Once activated hHv1 opens,
protons follow the Nernst equation and are shuttled into the liposomes. The ACMA dye
fluoresces and can freely pass through membranes when neutral, but when protonated
fluorescence is quenched and it becomes membrane impermeable. Therefore, a decrease
in intensity as seen Figure 7 corresponds to liposomes with active hHv1 protein.
As a membrane protein Hv1 proved to be difficult to manipulate for it is insoluble
in solution without detergent, and the protein appears to aggregate in solution as well.
This aggregation made it difficult to detergent solubilizes the protein into membranes.
Size exclusion chromatography was performed to collect proper dimer or monomer sized
protein fractions; however, large amounts of the protein remained in an aggregate form.
Thus, activity of the Hv1 was difficult to measure. Figure 7 is representative of several
successful activity assays from two separate protein preps of Hv1 that resulted in active
protein. Unfortunately, after this success, many technical issues prevented the production
of more reconstituted hHv1 in liposomes.
Synthetic Scintillon Despite unsuccessful repetition of reconstituted active hHv1,
synthetic scintillons were attempted using NaOAc as the acidifying agent initiating the
bioluminescence. To begin, LBP and LCF were successfully purified and Western blot
verified as shown Figure 5. Moreover, free in solution LBP and LCF both proved active
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after luminometer assays shown in Figure 8. In Figure 8, successful charging of LBP and
protection of LH2 from oxidation is confirmed. Even more, LH2 oxidation appears to be
catalyzed by LCF at the expected pH(Krieger and Hastings, 1968). This is demonstrated
as LBP-LH2 is the only source of substrate LH2 for LCF and no light is produced at pH
8.0, suggesting that there is no free LH2. Figure 8 also shows that, as expected, the
purified LCF was about two orders of magnitude more active at pH 6.3 than at pH 8.0
(Hastings, 1972). Negative controls show that LCF mixed with uncharged LBP does not
produce light at either pH.
Unfortunately, liposomes raised in the presence of LBP-LH2 mixed with LCF did
not show luminescence activity. There are multiple reasons as to why this may have
occurred. First, LCF and LBP were sonicated and exposed to high temperatures during
the process of liposomal formation. These exposures could have resulted in denatured
proteins. Second, conditions of these synthetic scintillons were not comparable to their
naturally occurring counterparts. The concentrations of LBP-LH2 and LCF within the
synthetic scintillon were based on the results of previous free in solution LBP-LH2 and
LCF luminometer activity (low concentration) versus the high concentration of these
components within the scintillon (Nicolas et al., 1987). Therefore, there may have not
been enough LH2 present to see the desired response. Also, the synthetic scintillons were
extruded to 200 nm sized vesicles which are 2/5 the size of the average 500 nm natural
scintillons (Nicolas et al., 1987).
In conclusion, active hHv1 reconstitution in liposomes proved to be inconsistent
suggesting that this protein is highly sensitive to its environment. This sensitivity has
made understanding and recreating natural conditions for this protein difficult, hence the
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reason that much is not understood about the actual mechanism of its conduction
compared to other members of the voltage-gated cation channel family. In regard to the
synthetic scintillon, active hHv1 was not necessary to determine LBP and LCF activity
within the liposome. From Figure 8 results, LBP-LH2 and LCF did not show
luminescence activity, and potential causes as to why are previously mentioned; however,
due to difficulties with hHv1 reconstitution and time constraints, additional studies to
obtain active luminescence activity from LBP-LH2 and LCF in the scintillon was not
done. Nonetheless, evidence from consistently active unbound LBP-LH2 and LCF hint
that with more focus and changes in parameters, these three components could be
successfully reconstituted with liposomes. Once active liposomal bound LBP and LCF
are obtained, more focus could be put into securing the correct environment for hHv1 to
be active.
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CHAPTER 3
Introduction
Cell penetrating peptides (CPPs) are short peptide sequences that have the ability
to efficiently traverse cellular membranes. The specific uptake mechanism for cell
penetration is unique to the specific CPP; however, these groups of peptides are known
for having a very limited toxicity through energy-dependent and/ or independent
mechanisms with specific receptors (Bechara and Sagan, 2013). The difference in uptake
between CPPs can be attributed to their unique properties in which is then used to
classify the CPPs. The first division of CPPs is synthetic and natural. Synthetic CPPs,
like polyarginine, have been synthesized to behave and conserve properties of its
naturally occurring counterparts. Unlike synthetic CPPs, natural CPPs are truncated
versions of proteins.
CPPs are further divided into three groups: Cationic, Hydrophobic, and
Amphipathic. Cationic CPPs are characterized by their high positive charge, which
usually derives from the presence of arginine and lysine (Wang et al., 2014). For efficient
uptake, it is suggested that these CPPs must contain at least 6-8 positive charges (ElSayed et al., 2009). Examples of this group of peptides include polyarginine, TaT, and
DPV3. Hydrophobic CPPs, like Pep-7 and G3, have a low net charge due to their
abundance of non-polar residues. The last classification of CPPs, Amphipathic, contains
both polar and non-polar groups.
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Although not fully characterized, there are two major proposed uptake
mechanisms for CPPs: direct penetration and endocytosis as seen in Figure 9. Direct
penetration is further divided into three categories: inverted micelle, pore formation, and
carpet-like model. The inverted micelle model proposes that basic residues on the CPP
interact with the negatively charged phospholipids in the membrane consequently
destabilizing the bilayer. The destabilized membrane then begins to fold inward and the
rearrangement of lipids causes inverted micelles to form (Bechara and Sagan, 2013).
These inverted micelles encapsulate the CPP into the cell interior and the disruption of
that membrane results in the release of the CPP. Hydrophobic and bulky residues are
favored in the formation of inverted micelles.

Figure 9. Illustration of two main proposed uptake
mechanisms (Veldhoen et al., 2008)
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The pore formation model describes the uptake mechanism of arginine and lysine
rich peptides such as TaT. The positively charged side chains of these two amino acid
residues interact with the negatively charged phosphate groups on the lipid bilayer. The
accumulation of the positively charged CPPs attracts the distal phosphate group causing
the bilayer to become thinner. Eventually the attraction leads to the formation of a pore in
which the CPP may traverse the membrane (Bechara and Sagan, 2013). The last direct
penetration model is the carpet-like model. This mechanism is based on the accumulation
of peptides near the cell surface that eventually, at higher concentrations, penetrate the
cell (Pouny et al., 1992).
Endocytic pathways are also divided into three main pathways: macropinocytosis,
clathrin mediated endocytosis, and caveolin endocytosis (Figure 11). In macropinocytosis
the invagination of the outer surface of the membrane is directed by actin polymerization.
The formation of the macropinosome is a result of the inward folding, and the GTPase
Dynamin is responsible for the membrane invagination (Commisso et al., 2013).
Clathrin mediated endocytosis is a eukaryotic cell method for uptake (Matsubara
et al., 1997). In this pathway CPPs are taken into the cell via clathrin-coated vesicles
(McMahon and Boucrot, 2011). Three heavy and three light chains of clathrin make up
the functional units called triskelion. The interaction of multiple triskelia allows clathrin
to self-assemble into a regular lattice. Initially, the presence of phosphatidylinositol (4,5)bisphosphate results in an invagination pit in the membrane (McMahon and Boucrot,
2011). Binding between the cargo of the CPP and the receptor causes the receptors to
cluster together and a vesicle begins to form. Adaptin, a membrane adaptor protein, binds
to the tail of the receptors on the intracellular side of the cell and recruits clathrin. Then
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clathrin forms a coat around the shell (Pelkmans and Helenius, 2002). Dynamin then
assists with the cleavage of plasma membrane allowing the coated complex to be released
into the cell. Eventually, the clathrin-adaptin complex falls apart and the cargo is then
allowed to be trafficked to its cellular destination.
The last endocytic uptake is via caveolin. Caveolae are small invaginations of the
plasma membrane that contain high levels of cholesterol and sphingolipids. They are
described by the presence of caveolin—a membrane protein—which holds the caveolae
in the invagination of the lipid bilayer. A hydrophobic linker allows caveolin to be
embedded into the plasma membrane as a result of both the N and C terminals being in
the cytosol (Pelkmans and Helenius, 2002). This endocytic pathway involves the
internalization of membrane components such as glycosphingolipids, sphingolipids
binding toxins, growth hormones, viruses, and bacteria. Caveolae remain bond to the
plasma membrane by the actin cytoskeleton and its shape and function vary between cell
types (Kobayashi et al., 2000). Caveolae trap material from the outer portion of the cell,
and the ligand triggers the activation of tyrosine kinases. The activation of tyrosine
kinases results in a signal that slowly but efficiently internalizes the trapped material.
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Figure 10. Illustration of endocytic uptake pathways The endocytic pathway

used depends on the size of the endocytic vesicle, properties of the cargo,
and how the vesicle is formed (Sieczkarski and Whittaker, 2002).

The particular CPP in this study is TaT. It is a transactivation protein that
contributes to the activation of viral and cellular genes in HIV and its ability to penetrate
cellular membranes was discovered in 1988 (Frankel and Pabo, 1988; Green and
Loewenstein, 1988). Its size ranges from 86-101 amino acid residues. However, residues
49-57, RKKRRQRRR, contain the basic and positive charges responsible for its cell
penetrative ability. The positive arginines in this region are believed to form stable
hydrogen bonds with phosphoryl groups due to its guanidinium group on the side chain
(Su et al., 2009). Moreover, it also forms stable interactions with carboxyl, phosphoryl,
and sulfuryl groups on the cell surface, which helps to facilitate endocytosis (Fuchs and
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Raines, 2004). Since its discovery, TaT has been shown to successfully penetrate cells
with various cargos such as entire proteins, peptides, RNA, and even non-covalently
bound plasmid DNA at low concentrations of 1 µM (Frankel and Pabo, 1988).
Calmodulin (CaM) in this study is used an adaptor. Calmodulin is a 16.7 kDa
calcium-binding protein that can bind up to four calcium ions (Chin and Means, 2000).
Upon the binding of calcium, calmodulin undergoes a conformational change that allows
it to interact with its binding partners. The conformational change results in the exposure
of hydrophobic regions which then increases its binding affinity to its protein targets
(Daff et al., 1999). In low calcium conditions, CaM shows a decrease in the affinity of its
targets. However, in the absence of calcium, the C terminal is partially open meaning that
it can still potentially interact with certain binding partners (Bredt and Snyder, 1990)
Catalase is a member of the peroxidase
family. It specifically catalyzes the
decomposition of H2O2 to H2O and O2 without
the formation of radicals unlike other members
of its family. Catalase is a tetramer of fourpolypeptide chains approximately 60 kDa each.
It contains four porphyrin heme (iron) groups
that assist in its catalytic ability and
interruption of the iron center by anionic
inhibitor azide results in the loss of enzymatic
activity. Like other members of the peroxidase
Figure 11. Catalase enzymatic mechanism

family, catalase is predominantly trafficked to
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a bipolar environment organelle called the peroxisome; however, it has been shown to
also traffic to the mitochondria (Zamocky et al., 2008). This trafficking path is known as
the Peroxisomal Targeting Sequence pathway and in this study is a tripeptide (S-K-L)
motif is the sequence that catalase contains (Brown and Baker, 2008; Kaur et al., 2009).
The primary purpose of this protein is to help protect cells against reactive oxygen
species.
TaT-CaM technology has already been proven to have successful cellular
penetration in cells with different proteins of size and properties (Salerno et al., 2016).
However, the efficacy of CPP technology delivery of cargo post penetration has not yet
been described. This research focuses on the aftermath of cellular delivery. This study
aims to address two main topics. The first topic to be discussed is whether TaT-CaM can
deliver protein that remains active post penetration. Before addressing the activity,
binding kinetics was confirmed between CPP—TaT CaM—and cargo –Catalase—using
the biolayer interferometer, and cellular penetration was determined using confocal
microscopy. After penetration was established, three independent assays were performed
to determine that catalase is active post penetration. Secondly, active delivered catalase
was assessed to determine if it could exhibit measurable protection from hydrogen
peroxide toxicity. Although any protection from toxicity was small, cells with delivered
catalase bubbled robustly in the presence of high hydrogen peroxide, offering a reason to
pursue other physiological effects of delivered catalase.
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Materials and Methods
Induction of protein expression in bacterial cells. Transformed BL21 cells
were inoculated from a glycerol stock into 15 mL of fresh LB/Amp liquid media culture
and allowed to shake overnight at 37 °C and 220 rpm. The overnight culture was then
diluted into 1 L of LB/Amp liquid media and allowed to shake at 37 °C and 220 rpm until
OD600 reading determine that bacterial logarithmic growth was reached (OD reading
0.6-0.8). Cultures were induced with IPTG (Catalase: 1 mM) and allowed to shake
overnight at 220 rpm at 30 °C.
Extraction and Purification of Protein tagged with Calmodulin Binding Site.
Cells were harvested by centrifugation at 5100 x g for 10 min, resuspended in buffer (50
mM tris-HCl, 10%glycerol, 150 mM NaCl, 2 mM CaCl2, 2 mM EDTA Free Protease
inhibitor cocktail, 0.1 µg/mL deoxyribonuclease I, and 25 mM PMSF), and lysed via
French press. Lysate was ultracentrifuged at 108,000 x g for 30 min and the supernatant
was incubated with an equilibrated Calmodulin column gravity column. The column and
sample was washed with buffer containing 2 mM CaCl2, 50 mM tris-HCl, 10% glycerol,
and 150 mM NaCl for 10x column volume. The tagged protein was eluted and collected
with 2 mM ethylene glycol tetraacetic acid (EGTA), 50 mM tris-HCl, 10% glycerol, and
150 mM NaCl for 5x column volumes. Fractions were pooled based on protein
concentration analysis. Henceforth, the recombinant CBS-tagged catalase is referred to
as either recombinant catalase or CBS-Cat.
Binding Kinetics Streptadvidin sensors were placed onto the Biocore Biolayer
Interferometer and the sensors were dipped into New Echota Binding Buffer (New
Echota, Georgia, USA) containing 2 mM Ca2+ for 30 sec and then allowed to mix with
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biotinylated TaT-CaM (a generous gift of Dr. Jonathan McMurry) for 600 sec. Next,
sensors were dipped into New Echota Binding Buffer for 200 sec to establish a baseline.
Immediately following, sensors were placed in the presence of 1 of the 5 following
catalase concentrations (1000 nM, 500 nM, 250 nM, 125 nM, and 62.5 nM) for 300 sec
to start the association phase. The dissociation phase followed by placing the sensors in
New Echota Binding Buffer again but for 300 sec. Next, EDTA fast off rate was taken by
placing the sensors in 2 mM EDTA buffer for 300 sec. Raw data was taken and computed
using Graphpad Prism software.
Cell Penetration Imaging Recombinant catalase was labeled with DyeLight 550
amine reactive dye (ThermoFisher Scientific, Massachusetts, USA) according to the
manufacturer’s protocol and allowed to briefly incubate with equimolar TaT-CaM in
New Echota Binding Buffer. The labeled CPP + recombinant catalase cargo material
(TaT-Cat), or labelled cargo protein only (CAT only), were then added at 1 µM (or in
some cases 0.55 µM, 1.5 µM, and 2.7 µM) to subconfluent BHK21 cells (ATCC,
Virginia, USA) and allowed to incubate at 37 °C and 5% CO2 for 1 hr, followed by
washing 3x with phosphate-buffered saline containing 1 mM CaCl2 (PBS +/+). Next,
cells were treated with 2 µM CellTracker Green CMFDA Dye (ThermoFisher Scientific,
Massachusetts, USA) for 30 min, and NucBlue (ThermoFisher, Massachusetts, USA) for
20 min. Cells were washed with PBS +/+ between additions of dyes, and finally
transferred into imaging media (25 mM HEPES, pH 7.4), for imaging. Cells images were
acquired using an inverted Zeiss LSM700 confocal microscope equipped with a 40x EC
Plan-Neofluor objective (NA=1.3). Analysis of cells fluorescence was performed using
the ZenBlue software.
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Catalase Localization Subconfluent BHK cells were transfected with CellLight
Peroxisome-GFP (ThermoFisher Scientific, Massachusetts, USA) marker according to
the manufacturer’s protocol and allowed to incubate overnight at 37 °C and 5% CO2. The
following day, nuclei were labeled with NucBlue for 20 min and washed 3x with PBS
+/+. Equimolar TaT-CaM and Amino DyeLight 550 labelled recombinant catalase was
briefly incubated in the presence of calcium to form TaT-Cat. BHK cells were then
treated for 20 min with 1 µM labelled TaT-Cat, washed 3x with PBS (+/+), and
transferred into imaging media. Cells were imaged every 30 min for 12 hr using the same
confocal microscope and technique previously mentioned.
Catalase Bubble Assay We used the method of Iwase et al. (2013). Commercial
Bovine Liver catalase (Sigma-Aldrich, Missouri, USA) was diluted in 50 mM phosphate
buffer, pH 7.0, to various units of activity. Treated cells were lysed by sonication for 2
min at a pulse on and off rate of 2 sec using the Sonic Dismembrator Model 500
(ThermoFisher Scientific, Massachusetts, USA). Then, 100 µL sample or commercial
Bovine Liver catalase dilution was added to a Pyrex tube (13 mm diameter x 100 mm
height, borosilicate glass; New York, USA). Next, 100 µL of 1% Triton X-100, 100 µL
of 50 mM phosphate buffer pH 7.0, and 100 µL of 9.8 M H2O2 were added to solutions
and allowed to incubate at room temperature. After approximately 15 min, the heights of
the bubbles were measured using a ruler. A standard curve was generated using the
heights of the various dilutions of commercial catalase and catalase activity was
measured against the standard curve. To verify activity from catalase, 3 µM sodium azide
was introduced to some samples and the height of the bubbles were measured.
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Catalase Kinetic Activity Assay We used the method of Li et al. (2007). Treated
cells were lysed as previously mentioned. Commercial catalase was diluted to give a
range of 1-40 units using 50 mM sodium phosphate, pH 7.0 4 mM H2O2 (100 µL) was
added to 100 µL of sample or commercial catalase (Sigma-Aldrich, Missouri, USA) and
absorbance of H2O2 was read at 240 nm for 3 min using the Gen 5 program and Biotek
plate reader (Biotek, Vermont, USA). Activity of catalase was based on the decrease in
the absorbance of the H2O2 and the activity of the sample was calculated against the
standard curve of activity from the commercial catalase dilutions.
Amplex Red Activity Assay Subconfluent BHK cells were seeded into a 6 well
plate and allowed to incubate with TaT-Cat or CAT only at a ratio of 1 ng/cell for 1 hr at
37 °C and 5% CO2. Cells were then washed 3x with PBS (+/+), and lysed by sonication as
previously mentioned. In a 96 well plate, 100 µL of cell lysate was exposed to 50 µL of
80 µM H2O2 for 10 min. Next, 50 µL of pH 7.5 500 mM tris-HCl containing 0.4 units/mL
and 100 µM Amplex Red (this solution was made exactly 30 min prior to testing) was
added to the same well. Absorbance was measured at 560 nm and the absorbance of noncatalase treated cell lysate was subtracted from the absorbance of TaT-Cat and CAT only
treated lysate wells.
Cell Viability Subconfluent BHK cells were seeded into a 24 well plate and
allowed to incubate with TaT-Cat for 1 hr, washed 3x with PBS (+/+), and exposed to
500 µL of various concentrations of H2O2 (500 mM, 50 mM, 5 mM, 0.5 mM, 0.05 mM,
and 0.005 mM) for 1 hr at 37 °C and 5% CO2. During the H2O2 treatment, each well also
contained 500 µL of DMEM with 10% FBS. Cells were then washed 3x with PBS (+/+),
trypsinized, stained with 0.2% Trypan Blue, and viability was counted.
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CHAPTER 4
Results
Protein Expression and Purification The CBS-Cat gene was synthesized in a
pcal-n-flag vector with a CBS and a flag tag by Genewiz (New Jersey, USA) and this
vector was transformed into E. coli BL21 expression cells. Protein was purified from
induced cultures using a CaM affinity column. Coomassie stained SDS-PAGE gels
(Figure 12) show that purified catalase is approximately 90% pure; Western blotting
using antibody to the Flag tag and Catalase (Figure 11) confirms that the protein at this
size is catalase. Yields of purified catalase were typically 350 µg/L culture.
Western

Coomassie

100 kDa
70 kDa
64kDa

55 kDa
35 kDa

Figure 12. Western Blot and Coomassie analysis of Recombinant CBS-Catalase expression.
Samples were denatured at 95 °C and separated by SDS Page and stained with Coomassie Blue or
Western blotted. Blots were probed with rabbit anti-Catalase (1:3,000 dilution) and mouse anti-Flag
(1:10,000 dilution), and primary antibodies were detected with goat anti-mouse IgG tagged IRDye
800CW (green) and anti-rabbit IgG tagged IRDye 680LT (red) A) Western blot of purified recombinant
catalase. B) Coomassie stained SDS-PAGE gel of purified recombinant catalase.
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CPP and Cargo Binding Binding between TaT-CaM and CBS-Cat were assayed
in vitro in the presence of calcium using biolayer interferometry (BLI). BLI measures the
interaction between the two molecules by using the shifts in wavelength as a means of
measurement. In this experiment biotinylated TaT-CaM was conjugated onto the
streptavidin sensors and the binding of the CBS-Cat was measured in the presence of 2
mM CaCl2. As can be seen in Figure 13, various concentrations of CBS-Cat show a high
on-rate of binding to TaT-CaM and a slow off rate in the presence of calcium. Rates and
the corresponding kd are summarized in Figure 13C. The determined binding constant is
within the normal range for CaM binding to its target (Linse et al.,1991). To confirm
specific binding, an additional dissociation step used EDTA—a metal chelator—to strip
CaM of the already bound calcium, and as expected a fast off-rate was observed. This in
vitro experiment demonstrates that TaT-CaM binds tightly to CBS-catalase in high
calcium, forming the TaT-Cat complex, and releases its cargo at low calcium levels
expected in cell cytoplasm.

A
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nm shift

B

C

kd (nM)

5.3

kon (M-1 s-1)

6.2 x 104

koff (s-1)

2.1 x 10-4

koff (EDTA) (s-1)

0.12

Figure 13. Binding Kinetics of TaT-CaM to CBS-Cat using Biolayer Interferometry A) Biotinylated TaT-CaM
was tethered to Streptavidin sensors and subsequently incubated in the presence of 2 mM CaCl2 with
various concentrations of CBS-Cat (1000 nM, 500 nM, 250 nM, 125 nM, and 62.5 nM) for the association
period of 300 seconds. The 300 sec dissociation period immediately followed in buffer with 2 mM CaCl2 but
lacking CBS-Cat. B) An additional 300 sec fast dissociation period was determined in 2 mM EGTA. C)
Averaged calculated global fitted rate and binding generated from 2 repeats of the binding assay.
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Cell Penetration Cell penetration was assayed using fluorescence confocal
microscopy to detect the presence of labeled catalase within the cell. Recombinant
catalase was labeled using Amino DyeLight 550 and rid of excess dye; Dye550 labeled
TaT-Cat was formed by incubation with TaT-CaM in the presence of 2 mM CaCl2. This
labeled CBS-Cat and Tat-CaM will be referred to as labeled TaT-Cat. Cells were then
treated with labeled TaT-Cat, labeled catalase only (CAT only), or growth medium only
(Blank) for 1 hr. After the treatment, cells were washed and then stained with
CytoTracker (cytoplasm locator), and NucBlue (nucleus locator), with washing between
applications of each stain. Next, fluorescence from each of the three dyes were measured
using confocal microscopy. Figure 14A shows representative cells from each treatment.
Average fluorescence intensities per area were determined for individual cells using the
manufacturer’s software and the percent maximum is reported for each individual
channel. As Figure 14B shows, the average intensity of CytoTracker and NucBlue
remain fairly consistent against the various treatments, while the fluorescence from the
labeled proteins vary between treatments. From this observation, cells treated with TaTCat appear to show better uptake then with cells treated with CAT only. Thus, TaT-Cat
complex successfully penetrates BHK cells, and similar results have been seen in other
preparations.
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CytoTracker
488 nm
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Dye550 (Catalase)
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C

NucBlue
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Figure 14. Measurement of Catalase delivery using Fluorescence Confocal Imaging. A) Recombinant
catalase was labeled with Amino Dye550 (red) before cell treatment and subconfluent BHK cells were
treated for 1 hr with one of the three conditions: Experimental (2.7 µM labeled TaT-CaM), and Control
(2.7 µM labeled CAT only), and Blank (neither CPP nor Cargo). Cells were then washed and stained with
CytoTracker CMFDA (green) and NucBlue (blue). Images were obtained immediately imagined after the
excess NucBlue was washed away. Images were acquired using z-stack imaging on an inverted Zeiss
LSM700 confocal microscope equipped with a 40x EC Plan-Neofluor objective (NA=1.3). CytoTracker
CMFDA was used to determine the z-stack range and center images are shown. B) CytoTracker, C)
NucBlue, and D) Labeled Catalase Analysis of cells fluorescence was performed using the ZenBlue
software and is representative of 3 different peptide to cell mass ratio treatments (0.55 µM, 1.5 µM, and
2.7 µM) from the same preparation of catalase. The analysis reports the percent maximum taken from each
individual channel. TaT-Cat n=13. CAT only n=14. Blank n=11. p<0.0001 between dye550 TaT-Cat and
CAT only and non-significant difference between Dye550 labeled CAT only and Blank
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Peptide/Cell mass Ratio Initially, cell penetration assays in this study used a
fixed concentration of 1 µM CPP/Cargo for uptake assays no matter the BHK
confluency. To determine the impact of TaT-Cat mass to cell number ratio in cellular
uptake, 3 peptide to cell mass ratios (0.55 ng/cell, 1.5 ng/cell, and 2.7 ng/cell) were used
to treated cells (labeled TaT-Cat, labeled CAT only, and buffer only) and imaged using
confocal microscopy as described above. Because cell counts were not determined to post
treatment, cell counts were approximated and used to determine mass of peptide to add.
As seen in Figure 15, there appears to be a positive correlation between higher peptide to
cell mass ratio and higher uptake of the peptide and whether this relationship is linear or
exponential is not conclusive from the data reported below.

Figure 15. Peptide to cell ratio using Confocal Microscopy Labeled TaT-Cat was formed with
Amino Dye550 labeled recombinant catalase and cells were treated as in Figure 14 with the three
peptide/cell ratios (0.55 ng/cell, 1.5 ng/cell, and 2.7 ng/cell) followed by staining with
CytoTracker CMFDA (Green) and NucBlue (Blue). Images were obtained and analyzed as in
Figure 14 with one exception: each ratio image was taken at the appropiate gain due to the
difference in amount of labeled catalase present. Mean of the blank fluorescence was subtracted
from the fluorescence of the corresponding treated cells with the same gain. Data points and
error bars represent mean +/- sd of fluorescence per area for each treatment. Numbers of cells
analyzed in each ratio are: TaT-Cat, n=4, 5, and4; Cat only, n=6, 4, and 5; Blank, n=4, 5, and 3
(number of cells analyzed in the following order: 0.55 ng/cell, 1.5 ng/cell, and 2.7ng/cell).

39

Catalase Localization Localization was determined using fluorescence confocal
microscopy. In this experiment, cells were first labeled with peroxisomal GFP marker.
The next day, the overconfluent BHK cells were then stained with NucBlue for 20 min,
washed, and finally treated with 1µM TaT-Cat (0.5 ng/cell) for 20 min at 37 °C and 5%
CO2, followed by washing and imaging. Figure 16 shows a clear overlap between the
peroxisomal marker and the delivered catalase, suggesting that catalase is trafficked to
the peroxisome. From this experiment, it appears that significant CPP delivered catalase
enters the cell in a 20 min incubation period, and that it traffics to the peroxisome within
1.5 hr of CPP treatment.

Peroxisome

NucBlue

Dye550

488nm

405nm

555nm

Merged
Channels

Figure 16. Catalase localization. Confluent BHK cells were transfected with peroxisomal GFP
marker and allowed to incubate overnight. The following day cells were washed, stained with
NucBlue, and washed, and treated with Dye550 labeled TaT-Cat (at a ratio of 0.55 ng/cell) for 20
min. Washed cells were then imaged every 30 min for 12 hr using the confocal microscope. Color
scheme: Peroxisome-Green, Nucleus-blue, and Catalase-Red. The overlap between the peroxisomal
marker and dyed catalase is representative of that seen in 8 separate cells.

Activity Lysates from BHK cells treated for 1 hr with Tat-Cat, Cat only, or buffer
only were used to measure catalase activity after penetration.
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We used three activity assays. The first is a kinetic assay that uses the decrease in
H2O2 (catalase substrate) absorbance at 240 nm to measure enzymatic activity (Li et al.,
2007) as seen in Figure 17A. Because BHK cells contain endogenous catalase, the rate of
the blank was subtracted from the experimental and control. Figure 17B shows a distinct
difference between the catalase activity of CPP lysate compared to non CPP treated
lysate. Because azide—known catalase inhibitor—absorbs strongly at 240 nm, azide
inhibition could not be shown in this assay.

A

B

Figure 17. Kinetic Catalase Activity Assay A) The absorbance of 4 mM H202 at 240
nm was measured every 6 sec for 3 min after the introduction of 50 µl of treated cell
lysate. B) The slopes of the first 14 sec of the curves obtained as in panel A were
determined by linear regression and the absolute value was recorded as the rate of
change of H2O2 absorbance. The circles and squares represent results obtained from
two different preparations of recombinant catalase.

In the second assay (the bubble assay) the degradation of H2O2 results in the
production O2, causing the detergent Triton X-100 to form bubbles; the height of the
bubbles after reaching a stable height (approximately 15 min) is proportional to the
amount of O2 formed (Iwase et al., 2013). As a means of activity approximation, a
standard curve of bubble heights was created using various units of activity dilutions
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from commercially available Bovine liver catalase (Figure 18). Moreover, the activity of
the TaT-Cat appears to be greater than that CAT only.

A

B

C

Figure 18. Catalase Bubble Assay Bubble heights were measured (in cm) 15 min after the addition of
100 µl of 1% Triton X-100, 100 µl of 9.8 M H2O2, and 300 µl of cell lysate. A) Images of two separate
assays of cellular lysate: experimental (left), control (middle), and Blank (right). B) Inhibition of 40
units of commercial bovine liver catalase (two left tubes) and 5 µg recombinant purified catalase (two
right tubes). The left most tube of each pair represents azide inhibition while the right most tube in each
image represents the catalase uninhibited activity. C) Columns indicate means and errors bars indicate
standard deviation of sample replicates; also indicated is a standard curve of activity from commercial
Bovine liver Catalase.
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The third activity assay is more sensitive than the two previously mentioned.
Amplex Red and Horse Radish Peroxidase interact in the presence of H2O2 to produce the
fluorescent molecule resurofin. Thus, a decrease in resurofin fluorescence measures the
activity of catalase. Untreated cells were used as the control, and the fluorescence of the
treated cells were subtracted from the fluorescence of untreated cells. Reported in Figure
19 is the change in fluorescence over 10 min; there is significant difference (p<0.0001)
between the TaT-Cat treated cell lysate activity and that of the CAT only treated cell
lysate, suggesting that TaT-Cat treated cells have more activity than CAT only treated
cells.

Figure 19. Activity of Delivered Catalase measured by Amplex Red Assay. Cell lysate (100
µl) was allowed to incubate with 200 µM H2O2 for 10 min in a 96 well plate. 50 µM Amplex
red and 0.4 units/ml of HRP in 500 mM tris-HCl buffer was added and absorbance was
measured at 560 nm. Lysate from untreated cells was used as a blank and the OD560 of the
treated cells were subtracted from the absorbance of blank. Stars indicate significant differences
(p<0.0001) between means as determined by one-way ANOVA followed by Tukey test.
Columns indicate means and error bars indicate sd of multiple measurements (TaT-Cat, n=8;
CAT-only, n=8; Tat-Cat + Azide, n=4)
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Cell viability BHK cells to which TaT-Cat was delivered were treated in
DMEM/50% various H2O2 concentrations for 1hr and assessed for viability using Trypan
Blue. As shown in Figure 20A, TaT-Cat treated cells are slightly protected from
hydrogen peroxide toxicity. The difference in IC50 between TaT-Cat and Blank treated
cells as determined by one-way ANOVA followed by Tukey test has a p-value of 0.0595
indicating slightly above 5% chance of the two treatments having the same mean by
chance. However, the data is pooled from three separate experiments and the difference
was consistent in all three. Interestingly, at high doses of H2O2 TaT-Cat treated cells
bubble noticeably while untreated controls do not (not shown) (Figure 20B).

A

B

Blank
TaT-Cat

[H2O2] (mM)
500mM

0.05mM

Figure 20. Delivered catalase may provide increased cell viability in response to H2O2. A)
Sub confluent BHK cells were treated with CPP + Catalase (TaT-Cat) or buffer only
(Blank) for 1 hr, washed 3x with PBS and treated with 500 µl of DMEM and 500 µl of
various H2O2 concentrations (500 mM, 50mM, 5 mM, 0.5 mM, 0.05 mM, and 0.005 mM
final) for 1 hr. Cells were then washed 3x with PBS, trypsinized, stained with 0.2% Trypan
Blue and scored for viability. Treated cells showed a somewhat higher IC50 (p=0.0595) B)
Photo of the TaT-Cat treated cells treated with various concentrations of H2O2.
Concentrations from left to right: (500 mM, 50 mM, 5 mM, 0 .5 mM, and 0.05 mM)
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Discussion
CPP Penetration Catalase was successfully purified from BL21 cells as seen in
Figure 12. Furthermore, in Figure 13, it is shown the purified catalase has its CBS site
which aids binding to TaT-CaM in the presence of calcium. With purified protein and
active binding to the CPP established, cells were treated with the TaT-Cat complex and
penetration was analyzed (Figure 14). In Figure 14B, TaT-Cat treated cells show a
significant difference of uptake compared to that of CAT only or Blank cells per the
fluorescence intensity. This figure also illustrates that there is not an anomaly causing a
greater fluorescence in on cell treatment then another because both NucBlue and
CytoTracker fluorescence remains consistent across the three treatments. The following
Figure 15 also shows the relationship between uptake and CPP peptide to cell mass ratio.
From this figure, it seems that there is a positive correlation between more peptide
present in regard to cell count and uptake.
Since penetration has been confirmed, catalase catalytic activity was tested with
three different assays of cell lysates: kinetics assay, visual assay, and an absorbance assay
(Figures 17-19). The first assay measures the activity of catalase by the degradation of its
substrate H2O2. The second assay uses O2, a product of catalase reaction with H2O2, to
determine enzymatic activity. The third assay again involves the presence of H2O2
inversely from the first. The first assay looks at the degradation of H2O2 while the third
assay accounts for the remaining H2O2 after catalase has finished reacting. From all three
different perspectives of measuring activity, CPP delivered catalase has been shown to be
active post penetration and at higher activity than non CPP delivered. This further
supports the idea that CPP mediates catalase delivery to cells.
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The peroxisome localization of delivered catalase, shown in Figure 16 indicates
that most of the catalase traffics to the peroxisome with a 20 min CPP incubation and
within 1.5 hr total time elapsed from CPP treatment. Cell lysates were prepared after 1 hr
incubation with TaT-Cat, and a total elapsed time from TaT-Cat treatment of 1 hr. This
means that at least some, probably most, of the cell lysate activity results from catalase
within the peroxisome, catalase’s correct cellular compartment, rather than catalase
trapped in endosomes.
Lastly, with successfully penetrated cells, can catalase help improve viability
against H2O2? There are two known phenotypes for cells treated with H2O2. First, at
lower doses cells are shown to be more proliferative, and at higher doses induce
apoptosis (Whittemore et al., 1995). Figure 20A depicts a small and just barely nonsignificant difference (p ~ 0.06) between the untreated and TaT-Cat treated cells
suggesting that delivered catalase may indeed be limited protection against H2O2 toxicity.
The noticeable bubbling of TaT-Cat treated cells, absent in control cells (Figure 20B)
adds support to a physiological role for delivered catalase in these cells. The bubbling
may also explain the small effect on cell viability: more H2O2 degraded means more O2
produced, and the higher O2 levels may also be deleterious to cell viability. The
continuation of this research will have to include the optimization of TaT-Cat treatment
or try a more sensitive assay to oxidative stress such as reduced to oxidized glutathione
ratio, staining for damaged nucleotides lipids to better determine if delivered catalase
helps protect from H2O2 death.
In conclusion, this study has successfully shown that TaT-CaM technology has
the ability to deliver enzymatically active protein to cells which is a huge feat since many
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in the CPP technology field have been plagued with lack of penetration from peptides or
lack of endosomal escape once in the cell. Thus, even if penetration occurs many have
experienced that their cargo is trafficked to the lysosome for degradation. Moreover, this
study has added to the field more understanding by determining that the uptake
mechanism is not solely concentration based but based on mass ratio between peptide and
cells. In addition, the next step of this research would be to increase the range of ratios to
determine if this is an infinitely linear relationship or only applies to a small window of
ratios. Finally, this study has hinted that TaT-CaM delivered catalase may have the
potential to rescue cells from H2O2. In a broader sense, successful rescue of cells from
H2O2 would suggest that TaT-CaM has the ability to deliver active cargo that has
physiological effects, and thus could potentially be used a therapeutic.
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